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il Why Study Neutrinos?

ILBERKELEY LAB

awrence Berkeley National Laboratory

Difficult to manage
/Q e
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Despite Adversity,
Significant progress in neutrino physics over the past decade.

Substantial change to Standard Model:
Lepton flavor is not conserved. Neutrinos have mass.
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ceeeenf Neutrino Oscillation

BERKELEY LAB

Neutrinos change flavor (e,p,t) with time

Principle: Interaction (flavor) eigenstates # Mass eigenstates

/Ve\ /Vl\

Yy, = U X

\V'T) \V?’/ We want to know

Physical Parameters:
0’s and Am?s

0:
3 angles between mass/flavor 0.. 0.. 0
. . . . 122 ~¥237 ~13
eigenstates set oscillation amplitude
Am?:
Differences in 3 neutrino masses Am2Z, = mZ - m?

determine oscillation frequency (distance) Am2, =m?2-m?

&.p: Off-diagonal phase (Am3, = Am3, - Am3,)
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il Oscillation Measurements

BERKELEY LAB

Oscillation changes neutrino flavor

Oscillation Frequency:
Neutrino oscillates according to it’s proper time T = L/E,

Lim ]Am [eV?]
Aji ~ 1.267= 10

Example:
Probability to still detect as same flavor at distance L

4 £ 2 £ 2
Pﬁe—>7e = 1 — cos 013 S111 2912 S111 A21

— SiIl2 2913(0082 912 SiIl2 A31 -+ SiIl2 912 sin2 A32)
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rreersd Farm-to-Table Physics

IL3ERKELEY LAB

awrence Berkeley National Laboratory

Good experiments
require knowledge
from the ground up.
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gl  The KamLAND Experiment

BERKELEY LAB

Lawrence Berkeley National Laboratory

Liquid scintillator target (1 kton) measures reactor Vv, flux

Chimney e Calibration Device
vd __\AﬁfT/ R, Ehcac Frv Dnvkarns Cosorw (Commwecinl plam Aug 1836)
Liquid Scintillator/” N\ \\\ ](?1181 Iln3 %13138“ 4 L o T N
(1 kton) X & N \/ o 100060 | 8 om
= W | = i i svhg Tk, Beow ) Sew Cond e Dt Prew Sz -Cragans
Containment “ \ ! | =
VCSSGI & Ty T Fowe Co—Fukmwrs D
(diam. 18 mp—__ /PhOtO—. . ( :
Multipliers = Crps Bl Nown 20 W e D
«— Buffer Oil

Jagun Hzew: Fowwer Lo ok
Commdin ol Sarervecsd aoe e
lar 1568T)

dyon Aok Pravet Co=Tred “oinl

Outer Detector

Outer Detector N\ @
PMT

Measured roughly 1V, per day.

Understanding of backgrounds

and energy calibration essential.
Feb.il;zoi4
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BERKELEY LAB

Lawrence Berkeley National Laboratory
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BERKELEY LAB

Lawrence Berkeley National Laboratory

ATWD:

Analog Transient
Waveform Digitizer

Provide charge-time
of photomultiplier
signal.

Developed methods
to optimally use
signal waveforms.
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Necessary for understanding v, energy and position
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e Cosmogenic Background

BERKELEY LAB

Antineutrino Signal: §
Prompt: inverse B-decay positron ¢ 3
Delayed: neutron capture

% 0
\ -

Cosmogenic Background: ‘0

Prompt: B-decay electron 20

Delayed: neutron capture N P P WO SR Mt = o= e e
0.2 04 06 08 1 12 14 16 18 2

At, [s]
@ @ Identified subset of muons

responsible for most background

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 9
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rreers)| Muon Reconstruction

BERKELEY LAB

£70000FF I LN B =

Developed method to determine £ 60000 Data E
muon track, in environment of “ 50000 Simulation 1
light saturation. 40000~ -
/11 30000;_ _f
20000:—l B

A4 - - .

"\ 10000— . ]

X - Tomography of mountain |
R I R R R

Azimuth [rad]
| T l T T T T l IIIIIIII T T T T | T T T T | T T T T

T 1T
——
[HEY
N
o

E LI B LI
£ i
%:2003|L + —
il 150:—+ / , -
I . i
Lt Cosmogenics correlated
- with muon track .
L, . -
50—~ : —
E *+¢é5¢+§_ ¢ : E
0_ W) .....:b..._... 0000 °e o % o ]

0 | 1000 2000 3000 4000 5000 6000 7000 800
AL, [mm]
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@gul  Oscillation at KamLAND

BERKELEY LAB

2002: KamLAND shows distinct signature of v oscillation.

I
1 Am%l Phys. Rev. Lett. 89, 011301 (2002)

A b
Akl

— 3-v best-fit oscillation —e— Data - BG - Geo ¥,
----- 2-v best-fit oscillation

l|llllllllllllllIllllIllllllllllllllllllllllll

20 30 40 50 60 70 8 9 100 110
Ly/E, (km/MeV)  Phys. Rev. D83, 052002 (2011)
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&l KamLAND and Solar Results

BERKELEY LAB

E e N 40 .
o . 15F %
= -
4 10 _:"""';"""' TEEmEEEEEEs """""""';:;;;}lg’"
R SRS WS A ST 20,
—l 0 ke ‘ﬁ.l_I-{.I-I'I.l.1.I-I‘I.T'I.I-I-I-T11I‘gl -
C KamLAND [ Wi
2: ------ 95% C.L. :55’ a a
1.8 - 99% C.L. === 99%CL. [ :
—~ B 199.73% C.L. == 99.73% C.L.[:
‘\'> 1.6 :— O best fit @ best fit EL
< 14F KamLAND+Solar [-
o - Bl9s%CcL. |
= 12 9% CL. [
. - I 99.73% C.L.[
AN 1 * best fit [+
g 0.8 | =
0.6 2
0.4 F O freel . =
Illl IIlll|llIIIlllIIlllllllllllllllllll—illllllllllllllllll

0.1 0203040506070809 1 5 101520
tan® 0, Ay*
Phys. Rev. Lett. 100, 221803 (2008)
Phys. Rev. D83, 052002 (2011)
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wall Accelerator and Atmosphericv,

BERKELEY LAB

Phys. Rev. Lett. 110, 2518011 (2013)

7
4.0 | [ I | N I [ [ I | | I I | [

— MINOS: 37.88 kt-y Atmospheric 90% C.L.-
10.71 x 10°° POT v, Mode

'.
e
L
-
.....
""""""

*Neutrino 2012 |
**PRD 85, 031103(R) (2012) _

151...l.ll.ll..ll.11.ll..1
0.75 080 0385 090 095 1.00

sin“(20) <~

3.5 F 3.36 x 10°° POT ¥, Mode _
G | — MINOS: 10.71x 10°° POT (v,,) :
> [ e Super-K zenith angle* :
O 301 — Super-K L/E*
™ [ — %k —
o i e / .......
— i
- -

E I
< i =

~ =0,
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Bl  0,;: The Remaining Angle

BERKELEY LAB

Reactor V, experiments sensitive to 0, oscillation at ~1.6 km

"~ B T T o T T oo T T T o] e
Tcu O —
2
- i 12000:
0.8— — CHOOZ, Palo Verde
B | experiments at 1 km
- - limited 6,5 < 11°
0.6— _
- 1~2006:
0.4 | Double CHOOZ, RENO,
- -| Daya Bay experiments
i | plan new measurements
0'2— Py, = 1 — sin® 2013 sin? (Amgeé> — sin? 261, cos® 2613 sin? (Am§1£> -
ol il BRI ETIT B
107 1 10 10

Distance from Reactor [km]

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 14
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S Measuring 6.,

BERKELEY LAB

Absolute Reactor Flux:
Largest uncertainty in previous measurements

lIIIiIIIIl[III

Relative Measurement:

0.95
Multiple detectors remove absolute uncertainty

IIII|II|I||I|I|IIIIIIII|[III

0.9— Near detector(s) f

First proposed by L. A. Mikaelyan and V.V. Siney, constrain flux Far detector(s) 1
Phys. Atom. Nucl. 63, 1002 (2000) 0.85 e
measure oscillation -

0.8 R ]

10”7 1 10

Baseline [km]

. Distances from
Far/Near v, Ratio reactor Oscillation deficit

Ng Npe\ (Lu\? [ €\ [Pou(E, Lg)
Nn Np,n Lf €n _Psur(E: Ln) il

Detector efficiency

Detector Target Mass

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 15
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i Experiment Layout

BERKELEY LAB

e Berkeley National Labor:

Overburden R, E, D12 L1,2 L34
EHI 250 1.27 57 364 857 1307
EH2 265 095 58 1348 480 528
EH3 860 0.056 137 1912 1540 1548

Far hall measures
oscillation

TABLE I. Overburden (m.w.e), muon rate R, (Hz/m?), and average
muon energy E, (GeV) of the three EHs, and the distances (m) to
the reactor pairs.

‘ Ling Ao near
Hall (EH2)

Llng Ab nm
reacta’rs

Two near halls |
constrain reactor flux °

Reactor power
6x2.9GW,

Feb. 11, 2014
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BERKELEY LAB

Feb. 11, 2014

Lesson

Don’t Complain!
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ceceen]p Commissioning

BERKELEY LAB

Punishment: Responsible for experiment integration

M N Electronics | Automated

- |/ R : .
| B e Calibration

RS TECRL

Photomultipliers

B Data Transfer G

B )

$;
— D\
R

= e

Data Processing

\ 'f\‘"\" \

Sun 00: 00 Sun 12:00

Generated 12/30/2012 16:45:03
1051 (avg 960) [J dayabay 81 (avg 354) [ majorana

Detector Interfaces and Monitoring ™55 e T o e wii o

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 18
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e PMT Ringing

BERKELEY LAB

PMT/Electronics recovery essential for v. measurement

Significant fluctuation i [/}/l\\/"\v\
¥

following PMT pulse. 0 : i/ o | et

IIIII

Issue mitigated via % 1 L &
improvements in x: -t
electronics. = Y
Q. ’
£ —2 — i
Developed empirical - — s
model to simulate -3 - W e model

PMT and electronics. Chin. Phys. C36, 733 (2012)

_4 1 | 1 1 l 1 L 1 | l 1 1 1 1 l 1 | 1 1 l 1 1 1 1 l 1 | 1 | l 1 1
2 3 1 5 6

time/us

-
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rerre PMT Light Emission

BERKELEY LAB

Unexpected noise due to PMT light emission

s 00s 5000w Swp 5 W -620v

Light emission localized to PMT base

Wide, ragged PMT pulses

‘g ;"I"'I"'I"'I"'I"'I"'I"'I"'I"‘I"'IlII

s °F ' E

= 7f L o -
= E
sE2 i EREIN SD 0150
: sl 1-hr exposure
el i I H HV= 1700V
=TT I =

LR LTINRER I RL H
CERIRERRRRRNN] é

PMT Column

Unique hit pattern in detector

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 20
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@l  Electronics and Triggering

BERKELEY LAB

Identified unexpected features of electronics and triggering

.§107§ . . :';;"
2 40 MHz noise in PMT
Unexpectly large drift in 10652 hit time distribution
g 12 PMT charge signal. 1053_
S =
E [ 2
o= ‘F'F\ 10t L
[ 2 -
108 [~ - 3l
" . ﬁl '\Lq g 10 E
I ."'.‘ n"s N P T B T DT S R T [
106 | -. -.'. - 300 400 500 600 700 800 900 1000 1100 1200 1300
i . . “ TDC
- Slow drift ™ #* L 1
104 - [~ " a .. .
- (~hours) =~ | Early commissioning results led to
e improvements in electronics design.
Time (hour)

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 21
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@l  Electronics and Triggering

BERKELEY.LAB
Many other issues found and fixed " The 2nd two poines gl
- Unexpected gaps in data & 1| 3r® 2WaYS the same. D
- Event times .|n 1970 | ‘:3"5; Buggy Firmware
- Same PMT signal present in two events E D
- Electronics time offset jumps E 'DBBBQ-"'"DUB
200 US NO|Sy Power :";.-. 0 5 10 15 20 25 30 “35‘“‘40‘;“;‘;4[:;]

Mean x 44 .51
Meany 1.93

6 Unexpected RUS) _o4seo)
retriggering
. —20

10

log (Photoelectrons )
(&)

—15

= b CTTTTTTTITTITTITTITTITITT] |
Ty 7 ARMRANRARA ARRRRRARY
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BERKELEY LAB

Lawrence Berkeley National Laboratory

Feb. 11, 2014
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ceere Good Outcome

BERKELEY LAB

NHIT trigger efficiency

S

£ 800 — R :
w = esponse to
- - 700 F
resulted in successful detectors sw:
400 -
Nucl. Instr. Meth A685, 78 (2012) 300
1—_+LED,AD1 """"""" ‘ "'o’\'_‘ "«"" 200 é'_
I -+-%Ge, AD 1 100 3
(17 | . PRI, RO R ——— oC Ll T VPP s Bkt N T
- <-LED,AD2 . ; 6 -40  -20 0 20 40 60 80 100
[ .i.%Ge, AD2 1 >10 ADC-preADC
0.6 ’ .......................... E ......................................................................... ‘E_“'OS E 60CO .f.. Detector performance
(=) o

(7]

0.4 ................................... o Cep S nearly identical

min ;2104 EEOQ. :
: wl = o0 o
0.2 e, 10° i -o— AD1 ~
M ° K
L , —--AD2 ¢
03 1 12 10 . . A
Energy [MeV] ® )
. . .. 10 ' ' n-Gd %
Trigger efficiency sufficient § ?L
: i : N TR T e e L T T
for antineutrino detection L e T T Y e e

Energy (MeV)
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BERKELEY LAB

Lawrence Berkeley National Laboratory

Feb. 11, 2014

Lesson

Lessons From Neutrino Physics - D. Dwyer
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eeee) Be Prepared!

BERKELEY LAB

Lawrence Berkeley National Laboratory

Developed tools needed for commissioning and analysis

1 258 ODM | Run 36785 %_
AnalySIS 152 ODM | Run 36785 Ll
~ - S ————
JaUdI Framework (@) > |[% ) [.S)) | @ hups://portal-auth.nersc.gov/dayabay/odm/ run/ 36785/ & (29 Googl Q) () (EL @ @) 2
I . t h (] 20130107-dy... ~ [] 20130108-re.. ~ [ ] 20130122-CR... v [_]daily v [JRef~ [ ]DayaBay >~ [_JALS~ [_]AUP~ » (3 Bookmarks -
a go rl m S ParthIe Number of Channels in Event h::m‘m Number of Channels in Event vs. Time [i ] Occupancy of FEE Channels
F e = o

and data  3eneration o~
description Detector

Simulation B

“ -
Electroniw A u to m a te d d a ta ;VS'I'Ji‘:;m’ channelHits
Sim ulation B vs. Time tru:::v_:- Occupancy of FEE Channels

processing and
monitoring

Raw Data

0 2 4 & 80 100 120 140 160 180 200
o Apro12012  Apro22012  Apr022012  Aprodaog o

Calibration Analysis Examples (or A Treatise on Cat-skinning)
u What is the best / simplest / fastest way for me to examine event data and generate my histograms?
Rewnstruction If this is your question, then please read this section. As discussed in the preceding sections, you can directly use
ROOT to inspect NuWa event data files. Within ROOT, there are a few different methods to process event data.
I Alternatively, you can use the full power NuWa to process data. To demonstrate these different methods, a set of
example scripts will be discussed in this section. Each example script generates the exact same histogram of
Event Se|ect|0n number of hit PMTs versus reconstructed energy in the AD, but uses
o how to cljiam trees from multlple fllgs, and how to “friend"” data tree An a Iys | S M a n u a I
be found in the dybgaudi:Tutorial/Quickstart software package.
e dybTreeDraw.C: ROOT script using TTree: :Draw() a n d TUtO rl a IS
Ph . e dybTreeGetLeaf.C: ROOT script using TTree: :GetLeaf()
¢ dybTreeSetBranch.C: ROOT script using TTree: :SetBranchAddress()
RQS“I'B! e dybNuWaHist.py: NuWa algorithm using the complete data classes

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 26
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P First Look

BERKELEY LAB

Sent out first Near vs. Far v, on Christmas morning

Near Sites Far Site
Daya Bay: |- —— =& .-

Anti-neutrinos
detected at all
three sites.

(see circled events)

e
1
2004
1.
"
»3

First 10 hours
of data.

Merry Christmas! 'iils... =H1:AD#2

. B -

Peal SRS DU UEP NS WP S WD———

Run Numbers:
EH-1: 21221
EH-2: 21222
EH-3: 21223

Feb. 11, 2014 Lessons From NEutrino Pnysics - D. Dwyer
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cevee]f Bigger than Expected

BERKELEY LAB

Lawrence Berkeley National Laboratory

JASON KWOK/CNN

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 29
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@l Discovery of v, disappearance

BERKELEY LAB

March 2012: Using 55 days of data with 6 detectors,

Discovered disappearance of reactor v, at ~1.6 km.
1 |

EH3

Phys. Rev. Lett. 108, 171803 (2012)

O
o

N detected/ N expected

O 02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 30
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— New Approaches

BERKELEY LAB

Explore new methods to improve calibration and analysis

Measure energy nonlinearity

Use cosmogenic neutrons for o :
in-situ and ex-situ.

precise detector calibration.

TTT T T I T T[T I T T[T I T T T I T rToT llll TTTITJTTTT
- -+ EH1 AD1 l | | | | | | |

10* % EH1 AD2 :
5o a 5 Q .
P Y —~+EH2 AD1

Entries/30keV

L g% EH3 AD1 3 i ;
SRS S : o ) 4
10° s PR P % |+EnsaD2 < i
) ’* ; "; EH3 AD3 6 0.98 ]
8 — -
LIV
2 Ay L
10 i Tl i - - é ?Q 7
Hy ® Bl (1! L
| 3 . I F."-, II 8 = ? -
Jilidly Q
10 e X - 7
W \‘ £ 0.96 i,
3 Preliminary
1 O - '
@ L4
© i ¢ -
0 12 O s
Energy (MeV) 0.94+ =

lllllllllllllllllllllllllIlllllllllllllllllll

02030405060.70809 1 11
Electron Energy [MeV]
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rrrre Spectral Distortion

12000 |— Data —

10000 E— Prediction, No Oscillation _-
> — < L. . . . -
@ = Prediction, With Oscillation -
= 8000 |— —
= - -
§2 — -
- — —_—
S 6000 |- -
g, F -

4000 — —

2000 _:
Bl 11F ' =
Sl =
glo -
m|o -
gl E
s =
O . . . . . .

7 4 6 8 10 12

Prompt Reconstructed Energy [MeV]

Spectral distortion consistent with oscillation model
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oree)f Antineutrino Oscillation

BERKELEY LAB

Recast spectral distortion as v, proper time (L/E)

2
Amee

A T W R S S W R TR TR T R R S T R
0 0.2 0.4 0.6 0.8
Leﬁ / Ev [km/ MeV] Accepted by Phys. Rev. Lett.
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ceceen] Rate+Spectra Osullatlon Results

BERKELEY LAB

; — Rate+Spectra E
= ™\..._ & v RateOnly 3
E """""" 1 | """" 'II.'...! Sy ol el W 1 [ 1 |' """ 1 [ 1 rE
B | I I T T T I I I | I I I I _! [ | T'TT | ITTT |
B Best Fit B
i e Rate+Spectra | T
. m Rate-Only B
Al | =
% i 99.7% C.L. i
-k 95.5% C.L.
' — °
S L4l 68.3% C.L.
I SEEEEEEEEE PR L PR W---mmmmmmma- \ --------------------------
g B -
NS MINOS |Am,|
=<
= L H
15_1 | I | | | | | | | | | I | | | | _illillllilllllli
' 0.05 0.1 0.15 5 10 15
sin(26, ,) Ay?
*n2 — +0.008 2 | = +0.19 -3 2
sin220,, = 0.090+0.008 AmZ| = 2.59*0:1¢ x 103 eV

Strong confirmation of oscillation-interpretation of observed v, deficit



P All Mixed Up

BERKELEY LAB

Neutrino mass and flavor eigenstates strongly mixed!

Measured Mixings: /Ve\ /V1
= U X
0,,234°,0,,40°,0,,=9° | ¥ V2

\~/ \v3

0.82 0.55 0.15
Unis =| —0.50 0.58 0.64
0.26 —0.60 0.75

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer assuming 6CP =0
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BERKELEY LAB

Feb. 11, 2014

Future Lessons from
Neutrino Physics

Lessons From Neutrino Physics - D. Dwyer
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ceere Extra Flavor

BERKELEY LAB

Lawrence Berkeley National Laboratory

Are there more than 3 neutrino states?

Existing anomalies may Many Proposed Experiments
motivate sterile neutrinos:

Table 7: Proposed sterile neutrino searches.

Experiment v Source v Type Channel Host Cost Category’
R eactor: CeLAND [259] | iiiCe—iZPr 1?8 d?sapp. Kamioka‘\, Japan small?
Daya Bay Source [260] Ce-'**Pr Ve disapp. China small
Measured 5% deficit SOX [261] 51Cr Ve disapp. LNGS, Italy small?
relative to reactor models. HCeMPpr we disapp.
BEST [64] 51Cr Ve disapp. Russia small
G 3 I I | um: PROSPECT [262] Reactor Ve disapp. Us? small
’ STEREO Reactor e disapp. ILL, France N/A*
Deficit in radioactive DANSS [263] Reactor v, disapp. Russia N/A*
source expe riments. OscSNS [205] m-DAR 1:/,1 l:/? app. ORNL, U.S. medium
LArl [264] m-DIF v Ve app. Fermilab medium
LSND: LArl-ND [264] m-DIF ﬂu z_/; app. Fermilab medium
_ . MiniBooNE+ |203] 7-DIF v, ‘v, app. Fermilab small
Excess of Ve IN Vu beam MiniBooNE II [265] 7-DIF Un Ve app. Fermilab medium
.. ICARUS/NESSIE [266] 7-DIF v, ‘v, app. CERN N/A*
M INi BOO N E . IsoDAR [111] 8Li-DAR Ve disapp. Kamioka, Japan medium
Excess of low energy Vv, ve. nuSTORM [192] i Storage Ring vl {17:1 app. Fermilab/CERN large
’ ! Rough recost categories: small: <$5M, medium: $5M-$50M, large: $50M-$300M.
i }\jI Sl't'scfpe'to o d ideration 267]
 No US. participation proposed. arXiv:1310.4340
Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 37
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BERKELEY LAB

Reactor Anomaly

Daya Bay will constrain some sterile models

Daya Bay: o 1.1
Will provide precise total @
reactor flux at ~400 m. 1.05
Comparison of near and far
spectra will limit sterile 1
mixing at percent level.

0.95F
PROSPECT, STEREO, DANSS:
Dedicated new experiments 0.9
to test at ¥10 m distance.

0.85

Feb. 11, 2014

Distance —+— World data

ZNN

Phys. Rev. D87, 073018

1-c Exp. Unc.
1-6 Flux Unc.

Illlllllll

lllll

_// .‘//// /{/// /// //ﬂ/ / > ///// .///// N /// N r//y/ ______
VNN 1% I Y 2 Y,
L ]
+ ?

L1 l

Approximate
Daya Bay precision

| llllllll

10

10?

Lessons From Neutrino Physics - D. Dwyer
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i Antineutrino Source

BERKELEY LAB

A compact v, source is ideal for testing reactor anomaly

Intense *4Ce radioactive source
Phys. Rev. Lett. 107, 201801 (2011)

Probe 1 eV? mass splittings (~¥1 m distance)

@ N o .‘;i
g &
unn?o::mm
s Explored measurement
[T using Daya Bay facility
| 315 0806 Phys. Rev. D87, 093002 (2013)
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1 Experiment Reach

BERKELEY LAB

Known detectors allow reliable exclusion of sterile models

& 10%E ;
> = ;
o F .
R | Advantages:
<E] 10 & ﬂ - Well-understood detectors
- - Clear signal
- : - Low-background
1E .
z | Concerns:
- - Backgrounds from 144Ce source
, I - Source manufacture
107 - _
2 R Same, No Reactor Background, 95% CL P Source transport
1 (] Reactor Anomaly, 95% CL
| [ ] Reactor Anomaly, 90% CL
= Global 3+1 Fit, 95% CL RN
10- T T T 1 1 ' ) — — I 1 1 1 1 1 L1
1072 10" ' 1
Sin220614
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@il  Neutrino Mass Hierarchy

BERKELEY LAB

What is the ordering of the three v mass eigenstates?

KamLAND Solar v MINQOS, Daya Bay
|Am2,| = 7.5 x10 eV? |AmZ,| >0 |AmZ | = 2.5 x 1073 eV?
Normal Inverted
m;

L)

THIS SIDE

UP
p " o
E dn
miu arXiv:1307.5487
m;

Large 0,; produces many experimental signs of the mass hierarchy.
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ceeee)f Reactor v, Disappearance

BERKELEY LAB

Three frequencies, but which is which?
P KamLAND Oscillation (~100 km)

1 4 - 2 - 2
PVe_)Ve =1 COS 913 S11 2912 S1I A21 &—Daya Bay Oscillation (~km)

— SiIl2 2913((3082 912 SiIl2 A31 —+ Sin2 912 SiIl2 A32)

~0.7 ~0.3

L[m)] Am? ;[eV?]
E[MeV]

Two nearly identical

For both hierarchies: oscillation frequencies

|A;, - Ay | = |4, > Frequency difference gives no hierarchy information

But amplitudes are different:

Normal Hierarchy: A5, | > |A;,| > Larger amplitude at higher frequency
Inverted Hierarchy: |As,| < |A5,| = Larger amplitude at lower frequency
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S Hierarchy: Reactor v,

BERKELEY LAB

wrence Berkeley National Laboratory

Use large scintillator detector at ~60 km from reactors

S 220
Q —
» 200 ——— True Spectrum (Normal)
‘é 1801 Simulated Result
W b AN 00 Best Fit Am3, (Normal)
N N1 | Best Fit Am3, (Inverted)
Liquid Scintillator i 140 =
L B 120 20 kton detector
Acrylic sphere: ¢34.5m ! 100:_ 12x3G Wth reactors
S - 5 years operation
Al 80 3% energy resolution
s AN 60 __
A a0
A 20F- J
O—LJLJIIIllllllllllllllllllllllllllllll llllLlll

0 1 2 3 4 5 6 7 8 9 10
Detected Energy [MeV]

Achieving detector of sufficient resolution and calibration requires new technology.
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sl  Hierarchy: Atmospheric v

BERKELEY LAB

Matter-enhanced oscillation can reveal sign of |Am§x

Atmospheric neutrinos In Vacuum:
pass through earth matter Oscillation probability constant for
to reach detector. neutrinos with same proper time t = L/E,

~Mton Detector In Matter:
— If resonance occurs, oscillation probability
not constant for neutrinos with same T.

Mass Hierarchy:
Resonance only occurs for neutrinos (Normal),
or antineutrinos (Inverted).

Select neutrinos with similar proper time:
t=L/E, = cosO,/E,
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sl  Hierarchy: Atmospheric v

BERKELEY LAB

Matter-enhanced oscillation can reveal sign of |Am§x

Example: Normal Hierarchy
Oscillation probability for L/E, ~ cos6,/E = 1/ 8 GeV

o
o
AL RARRNLARRNAARE

Resonances

1 11 1 1 11 1 T B A
07" 09 08 07 08 -05 -04 -03 -02

COS(074ith)

Feb. 11, 2014 Lessons From Neutrino Physics - D. Dwyer 45



S

sl  Hierarchy: Atmospheric v

BERKELEY LAB

PINGU: Denser instrumentation at center of IceCube

arXiv:1401.2046

: ICeCUbe PINGU Geometry - 26m String Spacing
scattering =100

S
—
- >

................................................................... , . Icecube
P A DeepCore

et & PINGU
3 AMANDA

§ 50

E‘;

r
3
’

5\’
K ST U o SO S SO
\ :
< n H} A
T r— :
- ; A J
- A :
-

Y T -100

-150 e | ...................... .........
_DeepCOre :1. f 115. 51.1.511.151.[.51

v o . -100  -50 0 50 100 150 200
X (m)
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sl  Hierarchy: Atmospheric v

BERKELEY LAB

S .
8.l Interaction rate,
Nature provides excess s I without oscillation
neutrinos vs. antineutrinos £ |
g102 —
—~100 e
> = _ = -
& eo-Example: Total (v, 1V,) rate -
3 80F- cos6,/E =1/ 8 GeV i I
o -
S 70 AT T N T S PR B B B
‘\" — -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
@ 605_ ] COS(07n11)
I
s o Normal o
g F If unable to discriminate
£ a0t Inverted _ -
oF v from v, can still observe
10E- change in combined rate.
0:. roa v v b by v by T b W b b
-1 0.9 0.8 -0.7 -0.6 05 -04 -0.3 -0.2
oS (2enitn)
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ceeeenf Detector Performance

BERKELEY LAB

Detector energy and angular resolution critical.

S200f — S500F
81s0- Example: Total (v,+V,) rat 3,50 EXample: Total (v,+V,) fate
S.60f- C0S0,/E,= 1/ 6 GeV 2,400:_COSGZ/E 1/10 GeV
§14o;— Zas0F-
~120F- =300}
c — c —
S100F~ S250F
S gof- S 200F-
£ 60 Normal Ewo%— Normal
402— Inverted | oE Inverted
20 50
P SR N PR N PR RS R ST R ] = E T P U T B B N D
T 09 08 -07 -06 -05 -04 -03 -02 1 -09 -08 -07 -06 -05 -04 -03 -0.2
Cos(eZemth) COS(GZemth)

N
o

- IIIIlllllllllllllllllllllll

MHH |
Example: Total (v, tv,) rate ] . .
cosO,/E.= 1/ 8 GeV Hﬂ H|erarchy resonance eaS|Iy

Interaction:
NN
o

30 washed-out if detector
20 . .

0 resolution is poor
008 o8 07 06 oz Tos4 03 o3 - '|

COS(B7nitn)
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e Other Big Questions

BER.!(ELNEY.LIT,AB .
Do neutrinos violate What is the absolute
Charge -Parity symmetry? heutrino mass?
LBNE . LBNE10 CPV Sensitivity T =%
' a m NN 15 e Current Daya Bay
e 4 —
/ g 10:_ _— aya pay
c,(‘lor;‘?ﬁl oS&’a"'L Time Projection US')) 5:_ _ ::WPZE::MM
Gy Chamber E i T Planck:WP-thighl (4)
© ol T
Can neutrinos explain ° S
matter-antimatter
? Is the neutrino mass ” . drXivi1303.5089
amtry. | . 090 04 o8 5 20

Dirac or Majorana?
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coreen)f Dark Matter

BERKELEY LAB

Lawrence Berkeley National Laboratory

Strong interplay between v and WIMP physics

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

10—39 T \“\Egg:agiI%ét:;::‘)'.-j*lwresrwolu (2011) , . 10—3
10_40— \\’E \\\ \‘\‘ \\\ ggg;;)m _ 10_4
‘\% \\\ \\\\\ , CDMS S
\T o NN (2013)
r— S \ D > 0‘\2\
NE 10741} :g‘% o \\‘\\4\ SPLE @ op @012 10-3 )
E ° ° o \(3‘3\ ) ] \ - ouU - 20\2 ="
Xxperiment: 5 A\ wer N
\S ‘\ Ge - -
S 43 _.\l{%@ R\ o\ osoude™ o B
Large detectors 3 10 -, oot i X i3 1107 3
, A ~HoEN LR AN N i Sl T
Low-energy physics (< MeV) g 107 ™ Ny . T 100 ¢
: 10-45 Neutrino:bHERa“sc 87357%\\“ \"‘\-‘\ SR el 23992/50;1/// 10-9 :
. . . . r N t ‘:\ ‘.:\\‘ \ ———",—’ "_.’-""/-___/. _____ ',\ .--‘ (@)
Low-radioactivity materials § M NN N I Tl il I
— WS S ~ DEP\P = i G2 Q
3 1074 R~ BT 10710 2
Continuous operation - e T L
% 10 [ (Green ovals) Asymmetric DM N e 110 2
(Violet oval) Magnetic DM SN . m
E 10-48 (B:Seeos;/la]Extrzgg;:nsions M 1005 10-12 ;
| (Red circle) SUSY MSSM ﬂﬁg B Neut! |
Lok GrANO &7y oSN
A MSSM: Pure Higgsino NE! oG an
10_49 I @ MSSM: A funnel Nmosp\" 1 10_13
@ MSSM: Bino-stop coannihilation
g MS?M: Bino-squark coannihilati.on

Theo ry: 107 10 100 1000 oo

Neutrino: Light weakly-interacting particle =~ WMPMas(GeVICl o yi).1310.8327
WIMP: Heavy weakly-interacting particle

If WIMPs exist, do they have a fundamental relationship with the neutrino?
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T Closing

BERKELEY LAB

Lawrence Berkeley National Laboratory

Many lessons from neutrinos so far.

Neutrinos oscillate and have mass Neutrinos all mixed up Farm-to-Table Physics
1E B / i 3
I
- E i 0.82 0.95 0.15 3
R Li_wo-%; e —0.50 0.58 0.64
2 04 i
i osl- 0.26 —0.60 0.75
02" 3.y bestfit oscillation —+— Data- BG - Geo, r ) ‘ ) L
—— 2-v best-fit oscillation 0 0.2 0.4 0. 0.8
P R S R o Hemet] Upmns

Ly/E, (km/MeV)

Surely more lessons to come.

N ino I 5 N o M Neutrinos Neutrinos
eutrino Flavors: eutrino Mass i
and the Universe qxnd Dark Matter

m, e

10? | ml

L RSP | dn

= HGISi-IJ.
= 2?:.3;‘:;5?13?‘2@22?1 L m

10~ 10" sin22B141 3

1070 BT 100 1000 T

WIMP Mass [GeV/c?]
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